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Introduction
The aim of this study was to determine the relationship between diving behavior of northern elephant seals, Mirounga angustirostris, and water temperature. We tested the hypothesis of Boyd and Arnbom (1991) that elephant seals use temperature discontinuities between water masses to help locate prey whose density is associated with these abrupt temperature gradients. It is important to test this hypothesis because it is based on observation of only one female southern elephant seal, Mirounga leonina, swimming in Antarctic waters with sharp discontinuities in water masses that are colder than those experienced by northern elephant seals.
Since northern elephant seals migrate northward for long distances (Le Boeuf 1994; Le Boeuf et al. 1993) , the foraging environment and prey species change gradually during transit.
Water temperature and light intensity are the most important factors affecting vertical distribution of pelagic prey (Kinne 1963; Paxton 1967) . Thermoclines restrict the vertical distribution of pelagic fishes. Many mesopelagic fishes and squids appear to use light intensity as a diel vertical migration indicator (Pearcy et al. 1977 ; Willis and Pearcy 1982) . The deep scattering layer is most obvious in highly productive, fertile areas (Tait 1980) . Horizontal distribution of prey species is also restricted by horizontal water temperature distribution. Thus, measurement of the ambient thermal gradient during the foraging migration of the northern elephant seal is important for understanding diving and foraging behavior in relation to prey distribution. The migratory paths of seals Pico, Joe, and Renee represent three categories of tracks, i.e., coastal, oceanic-coastal, and oceanic, that characterize the tracks of 15 of the seals in the sample. Tracks are not available for one female (Rae) and one male (Weed). Three seals (Pico, C508, and 0318) took the coastal path (shaded area a), five seals (Joe, Tyke, Zilla, Quake, and Lilly) took the oceanic-coastal path (shaded area b), and seven females (Renee, Sydney, YBI43, D197, Quebec, CII5, and Glori) took the oceanic path (shaded area c). This paper addresses changes in ambient temperature experienced by free-ranging, migrating northern elephant seals. The specific aims of the study were to (i) describe changes in ambient water temperature during the course of migration, distinguishing between SST and water temperature at depth; (ii) examine changes in diving behavior in relation to changes in ambient water temperature; and (iii) determine whether there are sex differences in the relationship between diving behavior and ambient temperature.
Background information
Northern elephant seals reproduce on land and feed at sea.
Recent studies have begun to reveal their foraging habits. Diving studies of northern elephant seals using TDRs reveal an average dive depth in the range 300-600 m, with maximum dives in the range 1000-1500 m (Le Boeuf et aI. 1988 Boeuf et aI. , 1989 Naito et aI. 1989; DeLong and Stewart 1991) . Diving data and the migratory paths of all but two subjects in this study were described in Le Boeuf (1994) 
Methods
The results were obtained from 17 northern elephant seals during the postbreeding migration in 1989 -1991. The subjects were 10 adult females (4-10 years old) and 7 breeding-age males (4 adult males of 8-12 years old and 3 subadult males of 5 years old). One adult male was sampled in 1989, 6 adult females and 3 adult males were sampled in 1990, and 4 adult females and 3 subadult males were sampled in 1991.
TDRs ( Adult Females ::r::
the shoulders (see Le Boeuf et al. 1988 , 1993 . Instruments were programmed to record depth every 30 s and water temperature every 5 or 10 min. These data-sampling regimes allowed for recording periods of approximately 35 -90 days, sufficient time for most seals to reach the farthest point in their migration from the rookery. The entire period at sea, or nearly so, was obtained for 3 females (Quebec, Renee, and Lilly); approximately 70% of the time at sea was sampled for 4 males (C508, Joe, Pico, and Weed). Light-level data from the TDRs carried by the seals, adjusted by comparisons of SSTs from the TDRs with SSTs from satellites, provided estimates of position (DeLong et al. 1992; Le Boeuf et al. 1993) . SST was defined as the mean water temperature from 0 to 20 m. Mean daily SST was calculated throughout migration for all animals. Vertical distribution of water temperature was assessed by determining the mean water temperature at 20-m depth intervals. A frequency distribution of dive depth and mean temperature was calculated for each record to examine the relationship between diving and the vertical temperature profile.
Results

Migratory paths
The migratory paths of 6 males and 9 females in this study, calculated from light levels and SST data by Le Boeuf et al. (1993) , can be arranged in the three general categories depicted in Fig. 1 
Surface water temperature
SSTs at departure from Ano Nuevo ranged from II to 13°C (Fig. 2) , and decreased to as low as 3 -9°C during migration.
The lowest temperatures were obtained around mid-March for females and in April and May for males. These records correspond to when the seals had reached the farthest point in their northward migration. Every individual migrated from the relatively warm coastal waters of central California to colder, more northerly waters before returning to the rookery.
The SST records suggest three distinct periods in the migration: (1) moving north, characterized by a rapid decline in mean daily SST; (2) a middle period of staying north, characterized by relatively stable low mean daily SSTs; and (3) moving south on the return leg to the rookery, characterized by an increase in SSTs. The beginning of the last period is only evident in the longest records e.g., those for Quebec, Renee, Lilly, Joe, and Pico.
All adult females migrated northward to 6-9°C waters (Fig. 2a) . Two of the females that were recorded for long periods, Quebec and Renee, stayed in waters in this temperature range for approximately 10 and 30 days, respectively. Seven of the females provided data only during the first segment of the migration, so it is not clear how long they stayed in these cold waters. The youngest female (Lilly) remained in 5°C waters from 30 March to 15 April.
Three of the males (Tyke, Zilla, and Joe) migrated to waters that were colder than those frequented by adult females (3-4°C; Fig. 2b ). The decrease in mean daily SST from departure to the first 29, 29, 36, and 35 days was -0.23, . -0.24, -0.27, and -0.28°C, respectively, for males Weed, Joe, Tyke, and Zilla (r2 = 0.985, 0.962, 0.947, and 0.932, F = 1742. 3, 677.9, 611.8, and 452.2, one-tailed test, P = <0.0001).
Males Weed and Joe stayed in the northern cold waters for I 1/2 months, from early April to late May, before beginning the return trip to the rookery.
Males Pico and C508 only migrated northward to waters with SSTs of 8-9°C (Fig. 2b) Thus, females dived in waters with significantly lower mean temperatures than did males at both the low end of the temperature range (t = 2.39, df = 15, P < 0.05) and the high end (t = 3.51, df = 15, P < 0.05). Note that the male Pico had a second mode of dive depths at 975-1200 m, where water temperatures ranged from 3 to 3.5°C. with low salinity (33.5-34.5%0 ) and relatively low water temperatures (2-4°C) (Favorite et al. 1976) . These are more productive waters in terms of mesopelagic fish biomass, and, it is also suspected, of benthic prey density, than the adjacent water mass to the south and the coastal waters near the rookery (Gj0saeter and Kawaguchi 1980; Okutani et al. 1988) . 
Vertical distribution of water temperature
Dive depth and thermoclin ; s
The dive depth pattern of the seals in this sample was not closely linked to steep thermal gradients in water temperature.
In all records, a steep thermocline was evident only in the top 100 m early in the migration, and again on the homeward return of some seals. Most diving and the greater part of the migration occurred where no thermocline was present. Moreover, the vast majority of dives of adults and juveniles exceed 100 m in depth (Le Boeuf et al. 1988 Boeuf et al. , 1993 .
From our knowledge of the movements of these seals (Le Boeuf, et al. 1993) , the thermocline observed was evidently restricted to the period when they were moving along the west coast of the United States. Indeed, there was no difference in temperature throughout the water column to 500 m midway in the migration of some males (5, 3, and 4°C for males Weed, Tyke, and Zilla, respectively).
Thus, northern elephant seals do not appear to use abrupt changes in water temperature as a cue for finding prey as was suggested for southern elephant seals by Boyd and Amborn (1991) . This difference, the link between diving and ambient temperature and the foraging strategy employed, may be habitat related. Southern elephant seals from Macquarie Island (Hindell et al. 1991; Slip et al. 1994) (Campagna et al. 1994) . Subantarctic Water is the southern hemisphere analogue to the Pacific Subarctic Water Mass (Favorite et al. 1976) , where northern elephant seals forage.
Plots of ambient temperature versus dive depth profiles for northern elephant seals (Fig. 4) and elephant seals from Patagonia (Fig. 4 in Campagna et al. 1994 ) are remarkably similar; both species dive through a steep thermocline in the . top 100 m when they are near the continental shelf, but the thermoclines disappear as they move out over the open ocean.
Sex differences
The diving patterns of males and females differed with respect to ambient temperatures experienced. Evidently this was related to differences in the location and depth of diving and in the foraging patterns employed by males and females (Le Boeuf et al. 1993) . Females appear to forage exclusively in the water column, the depth of most of their dives varying with the diel vertical migration of prey in the deep scattering layer. The majority of their dives were in the mean range 388 -662 m, characterized by a narrow mean temperature range, 4.2-5.2°C. In contrast, the majority of male dives were in the mean range 179-439 m, where mean temperatures were higher, ranging from 5.3 to 6.9°C. The shallower diving of males appears to be the result of a large proportion of male dives being bottom-limited. Moreover, females did not experience the extremes of temperature that males did at the preferred depths (Fig. 4) . This may retlect greater prey specialization in females (Le Boeuf et al. 1993 ).
In conclusion, our data suggest that changes in ambient water temperature do not provide foraging northern elephant seals with a precise cue to the vertical location of prey. Steep thermal gradients are not found in the northern elephant seal habitat to the extent that they are observed in Antarctic waters.
Many other variables that may be involved in finding prey require further investigation. These include but are not limited to spatial and bathymetric location, water currents, dissolved oxygen distribution, water clarity, prey bioluminescence pattern, acoustic reception of prey sounds, and the presence of predators.
